In this study, the method developed by Goda and Takagi in 2000 for optimal design of a vertical breakwater caisson is extended to take into account the effects of discount rate and economic damage costs due to long-term harbor shutdown and temporal stoppage of harbor operation. The effect of discount rate is important only at smaller return periods where the damage to the caisson frequently occurs. Among the various costs, the initial construction cost and the economic damage cost due to long-term harbor shutdown caused by extraordinary sliding of caissons are found to be equally important in finding the minimum expected total lifetime cost. On the other hand, the rehabilitation cost and the economic damage cost due to temporal stoppage of harbor operation caused by excessive wave overtopping are not so important in the optimal design of the breakwater. In general, in smaller water depths the optimal return period and the corresponding optimal cross-section of the caisson are determined as those yielding the minimum expected total lifetime cost, while they are determined by the allowable expected sliding distance in greater water depths.
Introduction
Vertical breakwaters, along with rubble mound breakwaters, have been widely used to provide a calm basin for ships and to protect harbor facilities from rough seas, especially where the water depth is relatively large. The current deterministic design method is well established for not only the resistance of the upright section against sliding and overturning but also the bearing capacity of the rubble mound foundation and the seabed. In the deterministic design method, uncertainties in the magnitudes of loading on and resistance of the structure are supposed to be covered by a safety factor. Therefore, it is difficult to consider the uncertainties of each design parameter separately and to evaluate the relative importance of different failure modes, so that there is always a possibility to over-or underdesign the structure. To overcome these shortcomings of the deterministic design, the reliability-based design method has been proposed. For a vertical breakwater, Burcharth and Sørensen (2000) established a partial safety factor system by summarizing the results of the PIANC (Permanent International Association of Navigation Congresses) Working Group 28, which was adopted by U.S. Army Corps of Engineers (2002) as well. This system belongs to what is called as Level 2 methods. On the other hand, performance-based design methods have also been developed, in which the expected sliding distance of a caisson of a vertical breakwater during its lifetime is estimated (Shimosako and Takahashi, 2000; Hong et al., 2004) .
In order to properly apply the reliability-based design method, the probabilistic and statistical characteristics of the variables involved in the design should be known. The level of acceptable probability of failure (in Level 2 method) or expected sliding distance (in performance-based design method) of the caisson should also be specified a priori. A method being used to determine the acceptable probability of failure is to calculate the probability of failure of existing breakwaters that were constructed by the deterministic design method but did not suffer significant damage for a long time. Assuming that these breakwaters have enough reliability, the acceptable probability of failure may be taken as either the failure probability of the breakwaters or a somewhat smaller value. The same principle could be used for the acceptable expected sliding distance of a caisson. However, this method can be subjective in certain cases, because the sample breakwaters were designed and constructed neither in the same condition nor with the same safety level.
Recently, to cope with this problem, efforts are made to introduce the concept of optimization in the design of breakwaters, which considers their functionality and economics as well as their safety.
In the optimal design of a breakwater, it is designed so that the total lifetime cost (including initial construction cost, maintenance cost, rehabilitation and economic damage costs, and so on) becomes a minimum, while it fulfills a certain level of safety necessary for maintaining its functionality. In the case of a vertical breakwater, Burcharth et al. (1995) formulated a reliability-based design optimization procedure, in which the objective function models the cost of the caisson which is assumed to be proportional to the width of the caisson. The only design variable considered was the caisson width, though reliability analyses were made for sliding of the caisson, foundation failure in the rubble mound and rupture failure in clay. They assumed a specific water depth at the site. With the limited water depth it was not relevant with a high foundation as it would have caused larger wave impacts.
Voortman et al. (1998) proposed a more realistic procedure, in which the objective function consists of two parts that describe the construction costs and the expected costs of failure, respectively. Moreover, as design variables, the caisson height, the caisson width and the height of the rubble foundation were considered.
In the above-mentioned optimization studies, Level 2 methods were used in the reliability analyses. Recently, Goda and Takagi (2000) extended the performance-based design method of Shimosako and Takahashi (2000) by introducing the concept of the optimal return period for selection of design wave heights, and proposed a method to determine the optimal cross-section of a caisson that yields the minimum expected total lifetime cost within the allowable expected sliding distance. More recently, Burcharth and Sørensen (2006) used a similar approach by taking into account not only caisson sliding but also slip failure in rubble foundation and repair by placing mounds in front or behind the caisson.
In the present study, we extend Goda and Takagi's (2000) model by taking into account the interest cost and the long-term change of the monetary values by inflation and others. Furthermore, the economic damage costs due to long-term harbor shutdown caused by extraordinary sliding of caissons and temporal stoppage of harbor operation due to excessive wave overtopping are also considered.
In the following section, the method for calculating the expected total lifetime cost is described. In Sec. 3, the procedure for determining the optimum cross-section of the caisson is described. In Sec. 4, some calculation examples are presented to examine the effects of discount rate, economic damage costs and water depth. In Sec. 5, sensitivity analyses are made for the discount rate and the criterion of caisson sliding distance for harbor shutdown. The major conclusions then follow.
Calculation of Expected Total Lifetime Cost
The total lifetime cost consists of the initial construction cost, rehabilitation cost, and economic damage costs due to long-term harbor shutdown or temporal stoppage of harbor operation. The maintenance costs are neglected in this paper because they are usually small compared with other costs. Many of the parameters for calculation of various costs are borrowed from Voortman (1998) with some modifications.
Initial Construction Cost
To calculate the initial construction cost, the length and crosssection of the breakwater and the costs of construction materials should be known. The total length of the breakwater is assumed to be 3,000 meters. The material costs used are 200 and 250 US$/m 3 for caisson and rubble mound, respectively, which are the values presently used in Korea.
Rehabilitation Cost
There are several modes of failure for vertical caisson breakwaters. Goda and Takagi (2000) examined the failure modes of the caisson breakwaters constructed in Japan over several tens of years, and concluded that the sliding of caissons comprises the majority of the cases of breakwater damage. Therefore, the sliding of the caisson is taken as the principal and only failure mode of vertical breakwaters in the present study. The Japanese breakwaters have low rubble mounds in general. The failure of rubble mound could also be important for caissons placed on high rubble mounds. Therefore, the present analysis and results may be limited to caissons placed on relatively low rubble mound over a strong seabed.
Goda and Takagi (2000) also proposed three simple models to estimate the rehabilitation cost, in which the rehabilitation cost increases with the sliding distance linearly, parabolically, or tangent-hyperbolically. Once the rehabilitation work starts, a great initial cost may be needed without regard to the sliding distance. Therefore, we adopted the third model as shown in Fig.  1 , in which the cost increases rapidly with the sliding distance when the sliding distance is relatively small, and the rate of increase is reduced as the sliding distance increases. The model shown in Fig. 1 computes the rehabilitation cost, no matter how small the sliding distance is. In the present study, however, we introduced the threshold distance of 0.3 m, below which no rehabilitation work is made. The cost of rehabilitation normalized with the initial construction cost is then given by:
( 1) where S is the accumulated sliding distance in meters, and S MAX is the threshold sliding distance beyond which the caisson is judged 
